Introduction
Arsenic exists in several chemical forms in the nature, both organic and inorganic. Its toxicity depends on the chemical form, inorganic arsenic(III) being the most toxic of the watersoluble species.
Arsenic is a ubiquitous trace element originating from natural and anthropogenic sources. Hence it is important to develop a rapid, selective and sensitive method for the arsenic determination and speciation.
A number of analytical methods are used for the arsenic determination and speciation in environmental samples. The speciation of arsenic is mostly based on the determination of total arsenic after As(V) prereduction and determination of As(III) alone. Some of the methods used are flow injection hydride generation atomic absorption spectrometry (FI-HG-AAS), [1] [2] [3] HG-AAS, [4] [5] [6] sequential injection hydride generation atomic fluorescence spectrometry (SIA-HG-AFS), 7 flow injection inductively coupled mass spectrometry (FI-ICP-MS), 8, 9 electrochemical methods, [10] [11] [12] pervaporation-flow injection determination with photometric detection, 13 spectrophotometrical, [14] [15] [16] colorimetric 17, 18 and FIA with chemiluminiscence detection. 19 Most methods are based on a hydride generation in an acidic media; according to the detection methods, they vary in the detection limits, as well as solution and sample consumption and the expense of the analysis itself.
Farrell et al. have reported the determination of arsenic by hydride generation gas diffusion flow injection analysis with electrochemical detection. 20 Their electrochemical detector was equipped with the gold electrode, their acceptor solution was 0.01 mol/dm 3 H2SO4 and their reagent was 0.5% NaBH4. Their limit of detection of was 10 mg/dm. 3 An indirect gas-diffusion FIA method has been developed for the selective and sensitive determination of tetrahydroborate. 21 The precision of the method was better than a relative standard deviation of 2.1% at 60 mmol/dm 3 levels and better than 0.5% at 0.1 mmol/dm 3 , with a throughput of 60 samples per hour. In this research a gas-diffusion FIA method was developed and applied for arsenic determination. The method is based on arsine generation by NaBH4. The formed arsine diffuses through the PTFE (polytetrafluoroethylene) membrane and is quantified amperometrically. Our amperometrical detector was equipped with a platinum working electrode; by using iodine/iodide acceptor solution we achieved low limit of detection (5 mg/dm 3 ). FIA experiments were confirmed by cyclic voltammetry. This optimized system was applied for arsenic determination in some power plant waste water samples and the results were compared with those obtained by the HG-AAS technique.
Experimental

Reagents and chemicals
All the chemicals used were of analytical reagent grade. Deionized water, distilled over potasium permanganate, was used throughout.
A stock arsenic solution was prepared weekly. Sodium arsenite (Carlo Erba, Italy) was dissolved in 6 mol/dm 3 HCl and then diluted, yielding appropriate concentration. Each stock solution concentration was tested bromatometrically. Sodium borhydride was used as the reduction agent (Riedel de-Haen, Germany). A stock solution was prepared daily in 0.1% sodium hydroxide (Lachema, Czech Republic). Stock iodine solution was prepared weekly by dissolving iodine (Zorka, Serbia), refined by sublimation in potassium iodide (Carlo Erba). Arsenic(V) solution (Carlo Erba), Sb(III), Sn(II) (Fluka, Germany) and Se(IV) (Schering Kahlbaum, Germany) were prepared in 6 mol/dm 3 hydrochloric acid, and were diluted to the appropriate concentrations.
Appropriate volumes of waste water samples were acidified A selective and sensitive analytical procedure for rapid arsenic determination by gas-diffusion flow injection analysis with amperometric detection was developed. The method is based on the arsenite reduction by NaBH4. Derived arsine diffuses through a PTF membrane into the acceptor flow stream and is amperometrically determined on a platinum working electrode. The limit of detection (3s) at room temperature was 5 mg/dm 3 of As(III). The relative standard deviation for a 1 mg/dm 3 As(III) standard was 1.96% for six repetitive injections. Arsenic(V) was determined after its prereduction with potassium iodide. Arsenic determination was not interferred with by 1 mg/dm 3 Sb(III), 5 mg/dm 3 Sn(II), 10 mg/dm 3 Se(IV), 1 mg/dm 3 As(V), 1 mg/dm 3 hydrasine, 1 mg/dm 3 Fe(II) or 0.5 mg/dm 3 Fe(III) solution. The throughput of this method was 60 analyses per hour. This method was successfully applied to arsenic determination in some power plant waste water samples. Figure 1 presents the FIA manifold used for the determination of As(III). Three peristaltic pumps were used. One pump was a Model HPB 5400 (Iskra, Slovenia), the second one was a Model MS Reglo (Ismatec, Switzerland) with flow rate control unit and the third pump was a Model Mini S-840 (Ismatec). The injection valve was a Model 5020 (Rheodyne, USA), equipped with a 0.2-cm 3 sample loop. The gas-diffusion unit was manufactured after the model provided by Shenyang Film Projector Factory, China. All connections were made with 0.5 mm i.d. tubing. Due to oxide film formation on its surface, the platinum electrode was occasionally cleaned by polishing with fine alumina pasta. Working potential was regulated by polarogaph MA 5450, Iskra, Slovenia. The obtained FIA signals were recorded on the Servograph Model 61 (Radiometer, Denmark) writer. Temperature was regulated with a thermostat, Model Messgerate-Werk Lauda, Germany.
Instruments and apparatus
Cyclic voltammetric experiments were registered on a Metrohm 797 VA Computance instrument (Herisau, Switzerland). The triple electrode system consisted of: working electrode, rotating platinum disk (RDE); reference electrode, Ag/AgCl in potassium chloride (3 mol/dm 3 ); and auxiliary platinum electrode. The PC software provided controls for the measurement, recording the measuring data and evaluating it.
Results and Discussion
In order to achieve optimal conditions for the arsenic determination we investigated the effects of a few parameters. The first effect to be investigated was the optimal potential. Arsenic standard was injected at several potential values in the range -0.10 to +0.20 V versus Ag/AgCl reference electrode. The concentration of the standard was 1 mg/dm 3 in 0.1 mol/dm 3 HCl. Reagents were 0.2% NaBH4 in 0.1% NaOH, the carrier was 0.1 mol/dm 3 HCl, the acceptor solution was 1 mg/dm 3 I2 in 0.05 mol/dm 3 KI. From the obtained hydrodynamic voltammogram (Fig. 2 ) the highest peak was reached at +0.10 V. Figure 3 presents obtained cyclic voltammograms that gave us another proof for choosing the potential for further experiments.
The next effect to be investigated was the carrier solution. Several solutions were chosen as carriers: sulfuric, perchloric and hydrochloric acid. Sulfuric acid was dismissed as it gave a signal for blank injections, probably because of its impurities. When perchloric acid was used, a signal split occurred. Since the highest and the proper signals were obtained when hydrochloric acid was injected, it was chosen to be the carrier. Further experiments with hydrochloric acid as the carrier showed that 0.1 mol/dm 3 HCl gave the best results (Fig. 4) . Examination of NaBH4 effect as a reagent showed that 0.1% NaBH4 in 0.1% NaOH gave the highest signals (Fig. 5) . Using less concentrated reagent we avoided H2 production, which may cross the membrane with arsine and thus cause greater dispersion in the streams, which leads to decrease of the peak height signal.
One of the important effects was the mixing coil volume. When arsenic standard was injected with different coils (30, 60 and 130 cm in length) and a tube (10 cm in length), peak currents obtained were 1.22, 0.89, 0.74 and 0.54 mA, respectively. Hence for further experiments, the shortest coil (30 cm) was used.
The acceptor stream solution components were investigated by injecting arsenic standard solution with several acceptor solutions. The examined solutions were sulfuric acid, potassium hexacyanoferrate(III) and iodine dissolved in potassium iodide. When sulfuric acid was used as the acceptor, there was no signal for the arsenic standard solution. When a ferro salt was used a signal for the blank injection was noticed. The proper signals were obtained for iodine in potassium iodide solution (0.5 and 1 mg/dm 3 I2 in 0.05 mol/dm 3 KI). To prove why iodine/iodide solution was used as the acceptor we recorded cyclic voltammograms (Fig. 3) . The first voltammogram was recorded for the acceptor solution alone (1); when 1 mg/dm 3 As(III) standard was injected, voltammograms 2 -5 were recorded. The obtained voltammograms clearly show why the iodine/iodide solution was chosen as the acceptor solution (Fig. 3a) compared to 1 mg/dm 3 potassium hexacyanoferrate(III) in 0.01 mol/dm 3 NaCl (Fig. 3b) and 0.01 mol/dm 3 H2SO4 (Fig. 3c) . At a potential of +0.100 V, there is a signal for iodine/iodide reduction (Fig.  3a) which decreases when As(III) is added.
Effects of stream directions and rates were also investigated. In an optimized system, the opposite direction gave a peak current of 0.21 mA, whereas for the parallel direction the peak current was 0.18 mA for 1 mg/dm 3 As(III). With the flow rate increase from 0.5 to 0.9 cm 3 /min, identical peak currents were obtained for the opposite direction. In this case compensation of two effects takes place: the slower donor rate increases the AsH3 amount that passes through PTFE membrane and at the same time the higher acceptor rate increases the base current caused by iodine reduction, causing significant peak current change with As(III) injection. For further experiments, a higher acceptor flow rate was used (0.9 cm 3 /min) because it enables better throughput (60 samples per hour). The donor flow rate was kept constant at 1.1 cm 3 /min. Temperature effects were studied by injecting the same As(III) standard (1 mg/dm 3 ), while varying the temperature in the interval 20 -50˚C. It was observed that there was no signal change with temperature increase, which can be explained as due to the high As(III) reduction rate, its volatility and its diffusion through the PTFE membrane.
Possible interferants of this determination were Se, Sn and Sb, since they form volatile hydrides as well as some other wastewater components such as hydrasine, Fe(II) and Fe(III). We injected solutions containing various ratios of interferants and As(III), whose concentration was kept constant (1 mg/dm 3 ). Results showed that 10 mg/dm 3 Se(IV) and 5 mg/dm 3 Sn(II) did not interfere with the determination, neither did 1 mg/dm 3 Sb(III) and 1 mg/dm 3 As(V). Hydrasine of the same concentration as As(III) did not interfere, with the As(III) signal, nor did Fe(II), whereas Fe(III) did increase the signal for 50%; but when we injected 0.5 mg/dm 3 Fe(III) solution, no effect was noticed.
Our proposed method could be used for speciation of As(III) and As(V). A set of experiments was performed. Standard solutions containing only As(III) or As(V) or their mixtures were injected; each solution was treated with potassium iodide for As(V) prereduction. A 1-cm 3 volume of 0.02 mol/dm 3 potassium iodide was added to 100.00 cm 3 of working solution containing As(III) 30 min prior to its injection. The results obtained are presented in Table 1 . It is important to highlight that there was no significant interferring from potassium iodide and iodine excess.
The limit of detection of this flow-injection method was 5 mg/dm 3 of arsenic (3s), which corresponds to 100 pg of As(III) (the sample loop volume was 0.2 cm 3 ).
The reproducibility of the analytical system was investigated by six repetitive injections of the arsenic standard. The relative standard deviation for a 1 mg/dm 3 As(III) standard was 1.96%. Linearity was investigated by triple injection of standard As(III) Our optimized system was applied to arsenic determination in the waste water samples from the power plant "Kolubara", Lazarevac, Serbia. Table 2 
Conclusion
A rapid, indirect gas-diffusion flow injection method with amperometric detector has been developed for selective arsenic determination. Several physical and chemical parameters were investigated. Their optimal conditions were: the potential of the working Pt electrode (+0.10 V vs. Ag/AgCl); the hydrochloric acid as the carrier (0.1 mol/dm 3 ); the acceptor solution 0.5 and 1 mg/dm 3 I2 in 0.05 mol/dm 3 KI; the reagent solution 0.1% NaBH4 in 0.1% NaOH; both parallel and opposite direction of acceptor and carrier streams; and room temperature.
The optimized system had good reproducibility (RSD for a 1 mg/dm 3 As(III) standard was 1.96% for six repetitive injections), was sensitive (limit of detection (3s) was 5 mg/dm 3 , which corresponds to 100 pg of As(III), the sample loop volume was 0.2 cm 3 ) and was fast with a throughput of 60 samples per hour.
The method was succesfully applied for the arsenic determination in the waste water samples from the power plant "Kolubara" near Lazarevac, Serbia; the accuracy was confirmed by HG-AAS technique. 
